Abstract The evolution of the eye has been a major subject of study dating back centuries. The advent of molecular genetics offered the surprising finding that morphologically distinct eyes rely on conserved regulatory gene networks for their formation. While many of these advances often stemmed from studies of the compound eye of the fruit fly, Drosophila melanogaster, and later translated to discoveries in vertebrate systems, studies on vertebrate lens development far outnumber those in Drosophila. This may be largely historical, since Spemann and Mangold's paradigm of tissue induction was discovered in the amphibian lens. Recent studies on lens development in Drosophila have begun to define molecular commonalities with the vertebrate lens. Here, we provide an overview of Drosophila lens development, discussing intrinsic and extrinsic factors controlling lens cell specification and differentiation. We then summarize key morphological and molecular events in vertebrate lens development, emphasizing regulatory factors and networks strongly associated with both systems. Finally, we provide a comparative analysis that highlights areas of research that would help further clarify the degree of conservation between the formation of dioptric systems in invertebrates and vertebrates.
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The adult Drosophila compound eye consists of *750 individual eye units, called ommatidia. While this organization is morphologically distinct from the single lens camera eye of vertebrates, each ommatidium is composed of the same three basic structures as the vertebrate eye: a neural retina, a pigmented epithelium, and a cornea/lens. Drosophila develop from an egg to an adult in approximately 10 days. During this time, the embryo transitions through three larval stages, followed by *4 days as a pupa before enclosing as an intact adult. Fly eye development begins during embryogenesis, when a small number of cells (*6) are set aside on each side of the animal as an eye field. During the first two and a half larval stages, a subset of these cells will continue to proliferate within a flat epithelial sheet known as the eye-antennal imaginal disc, that in the adult will give rise to two compound eyes, the ocelli (another visual system at the vertex of the head), the antennae, and much of the head cuticle (Held 2002) . The compound eye field itself is determined during the second larval stage as a consequence of the overlapping expression of a network of ''master eye regulators,'' which includes the transcriptional regulators Pax6 (Eyeless and Twin of Eyeless), Sine Oculis (So), Eyes Absent (Eya), and Dachshund (Dac). This network is remarkably conserved across phyla, and its universal role in specifying ocular tissue has been extensively reviewed (see Kumar 2001 Kumar , 2010 Gehring 2005) . During the third larval stage, signaling from Hedgehog (Hh) and the bone morphogenetic protein (BMP)-related factor, Decapentaplegic (Dpp), initiates at the most posterior region of the eye field, leading to G1 cell cycle arrest and retinal cell fate determination. This signaling occurs within a stripe of cells that are apically constricted, known as the morphogenetic furrow (MF). The MF moves anteriorly across the eye field, leaving behind a new row of regularly spaced ommatidial ''founder'' cells approximately every 2 h. Each founder cell represents the first of eight retinal neurons present in the adult eye, called the R8 photoreceptor. Soon after its specification, the R8 secretes the EGF ligand, Spitz, and this initiates a sequential and stereotypical recruitment of the R1-R7 photoreceptors (reviewed by Wolff and Ready 1993; Freeman 1997; Frankfort and Mardon 2002; Hsiung and Moses 2002; Roignant and Treisman 2009) . The R8 first recruits the R2/ R5 and R3/R4 cells pairwise. The remaining unspecified precursors are then released from G1 and undergo a single additional round of proliferation, termed the ''second mitotic wave'' (SMW). The SMW is important for creating enough precursors to generate the remaining cell types in the adult eye (Wolff and Ready 1991; de Nooij and Hariharan 1995) . After the SMW, the R1/R6 pair and R7 photoreceptor are recruited to complete neuronal specification, followed shortly by pairwise recruitment of the four cone cells (CCs)-first the anterior/posterior (a/p) CCs, then the equatorial/polar (eq/pl) CCs. CCs are the last to be specified prior to pupation, and are the first non-neuronal cells produced in the eye. Shortly after puparium formation (*15% pupation), the CCs recruit the two primary pigment cells (PPCs), and together, these cells contribute to the survival and patterning of about 12 shared interommatidial cells (IOCs), consisting of six secondary pigment cells (SPCs) interlaced with alternating tertiary pigment cells (TPCs) and a mechanosensory bristle (Fig. 1, Cagan and Ready 1989a; Wolff and Ready 1993) . Once the correct complement of cells is reached-approximately 35% through pupation-the remaining unspecified cells (2-3 cells/ommatidia) are eliminated by apoptosis, and the specified cells begin terminal differentiation (for further details of these processes, see reviews by Wolff and Ready 1993; Bao 2010; Charlton-Perkins and Cook 2010; Zipursky and Sanes 2010) .
The dioptric system in each adult ommatidium is comprised of a biconvex corneal lens and an underlying vitreal pseudocone (Cagan and Ready 1989a; Wolff and Ready 1993) . Developmentally, the corneal lens is the first structure to be formed, beginning at *50% pupation, and it is secreted from microvilli projections present on the apical surfaces of both the CCs and PPCs (Cagan and Ready 1989a; Frohlich 2001) . Corneal lens secretion is, for the most part, complete by *75% pupation, although radiolabelling of metabolites suggests continuous addition to this structure throughout the fly's lifetime (Yoon et al. 1997) . After corneal lens secretion, the CCs retract their microvilli and begin secreting the pseudocone, a clear, gelatinous substance that likely does not provide focusing power itself, but rather serves as a vitreous layer to distance the corneal lens from the photoreceptors to achieve the correct focal length (Cagan and Ready 1989a; Wolff and Ready 1993; Frohlich 2001; Nilsson and Kelber 2007) . Because the hard corneal lens is continuous with the cephalic exoskeleton, as the CCs secrete the pseudocone, their cell bodies are pushed away from the surface and become flattened between the base of the corneal lens and the apical surfaces of the photoreceptors. The PPCs provide the lateral lining of the pseudocone (Cagan and Ready 1989a) . The highly organized hexagonal patterning of the IOC apical surfaces contributes to restricting the corneal lenses to individual ommatidia. Therefore, developmental defects in CC, PPCs and IOCs disrupt the regular array of corneal lenses that are visible on the fly eye surface. Mature corneal lenses, observed by transmission electron microscopy, display regularly repeating lamellae of electrondense microfibrils, spanning the width of each ommatidium. At the tapering edges of the lens, an intermediate electrondense substance secreted by SPCs likely produces the lens' convex shape (Cagan and Ready 1989a; Wolff and Ready 1993) .
Despite our general understanding of the anatomy of the dioptric system, essentially nothing is known about its molecular makeup. In most species, lenses primarily consist of highly concentrated, water-soluble, proteins that can crystallize into optically clear structures. These proteins, called Crystallins, frequently function as metabolic enzymes or stress proteins in non-ocular tissues, and are co-opted to the lens based on their crystallization and refractive properties (Piatigorsky 2003) . To identify fly Crystallins, Komori et al. (1992) isolated highly enriched proteins present in freeze-fractured fly corneal lens preparations. They further purified and characterized the most abundant of these, naming it Drosocrystallin (Komori et al. 1992) . The two additional proteins isolated in this study remain uncharacterized. Immunogold staining localized Drosocrystallin to the electron-dense microfibrils of the adult corneal lens, and developmental studies identified the CCs as its primary source, although it is also expressed by PPCs (Komori et al. 1992; Charlton-Perkins and Cook 2010) . Consistent with Crystallins often being involved in non-refractive processes, Drosocrystallin expression has also recently been reported in developing mechanosensory bristles (Dziedzic et al. 2009 ), although its function here is unknown. a-Crystallins are a subclass of stress-inducible heat shock proteins that are evolutionarily conserved across many species and are present in all vertebrate lenses (Piatigorsky 2003) . Drosophila encodes genes for at least four a-Crystallin-related proteins: hsp22, hsp23, hsp26 and hsp27 (Ingolia and Craig 1982) . Hsp23 is specifically upregulated in adult CCs under heat-stress conditions (Marin et al. 1996) , and is likely to be expressed in CCs and PPCs during late pupation (Pauli et al. 1989 ), but whether any of the putative a-Crystallin proteins are expressed in the normal adult corneal lens is unknown. Another protein reported as being expressed in the fly corneal lens, called Fig. 1 Schematic representation of invertebrate and vertebrate eye development. a In the Drosophila third larval stage, the morphogenetic furrow (MF) moves anteriorly across the eye imaginal disc, blocking proliferative progenitors in G1. From this progenitor pool, the R8, R2/R5, and R3/R4 cells of the neural retina (light blue) are recruited. This is followed by the second mitotic wave, where the remaining progenitors undergo one additional round of mitosis. From these progenitors, the remaining photoreceptors, R1/R6 and R7 are recruited. After photoreceptor recruitment is complete, the anterior and posterior cone cells (aCC/pCC) (yellow) and equatorial and polar cone cells (eqCC/plCC) (light orange) are recruited pairwise. In early pupation, primary pigment cells (PPCs, dark orange) are added, which together with the CCs, complete the full complement of the lens-secreting cells. Soon afterwards, specification of interommatidial pigment cells (dark red) occurs and any remaining non-specified progenitors are eliminated by apoptosis. By *45% pupation, all cells in the eye begin to terminally differentiate. In the lens, this includes secretion of the corneal lens (CL), followed by secretion of the pseudocone (Ps). IOCs accumulate pigment, while the light-sensing apical membranes (rhabdomeres) of the photoreceptors (PRs) elongate. CCs span the depth of the retina, with the feet ensheathing the PR axons proximally, and the apical surfaces secreting the corneal lens and pseudocone distally. b The onset of lens development in the vertebrate eye is first observed as a thickening of the surface ectoderm into the lens placode (orange) and requires the underlying neural ectoderm (blue) and surrounding mesenchyme (grey). In mouse, this occurs at embryonic day 9.5 (E9.5). The lens placode then invaginates to form the lens pit which pinches off to form the lens vesicle. Primary fibers first form to create a lifelong central core in the lens. Proliferation of precursors continues in the anterior epithelial layer (AEL) (orange nuclei) and the formation and continued addition of secondary fiber cells occurs at the equator and periphery of the lens. The neural retina (light blue) is surrounded by the pigmented epithelium (black). The vitreous humor (white) occupies the space between the lens and retina Mol Genet Genomics (2011) 286:189-213 191 Retinin, is produced in photoreceptors, requires Eya for its expression, and is secreted into the corneal lens (Kim et al. 2008) . Currently, no function for retinin has been reported. While few proteins are known to be expressed in the adult corneal lenses, our knowledge of pseudocone components is even more bleak. To date, only two monoclonal antibodies have been shown to recognize this structure, but their target proteins were never defined (Fujita et al. 1982; Edwards and Meyer 1990) , and these reagents are no longer available. Thus, identifying the molecular components of the corneal lens and vitreous pseudocone is a necessary step for advancing our understanding of how these ocular structures develop.
Drosophila lens specification
During Drosophila eye development, the successive specification of an individual cell's fate depends on signals from previously specified cell types (see Nagaraj and Banerjee 2004; Doroquez and Rebay 2006) . Thus, photoreceptors (PRs) initiate recruitment of CCs, which in turn signal PPC recruitment, and the CCs and PPCs together provide instructive cues for IOC survival, apoptosis and patterning. Considerable progress has been made toward elucidating how the different neuronal cell populations arise in the Drosophila retina, and how the exquisite patterning of the pigmented epithelium is achieved (Brachmann and Cagan 2003; Nagaraj and Banerjee 2004; Voas and Rebay 2004; Bao 2010 ). However, significantly less is known regarding the development of the cells that give rise to the lens: CCs and PPCs. Here, we summarize our current understanding of the molecular and developmental events underlying the formation of these cell types (Fig. 2) , as well as how these cells help pattern the highly organized crystalline lattice of the secondary and TPCs, which comprise the pigmented epithelia and help shape the fly lens.
Intrinsic factors
A hierarchy of transcription factors orchestrate fly lens development. First, sine oculis (so), glass (gl), and lozenge (lz) specify a multipotential progenitor cell population arising from the SMW, which will ultimately generate the R1, R6 and R7 photoreceptors, as well as CCs, PPCs and IOCs. Second, tramtrack (ttk), prospero (pros), dPax2 and cut restrict these multipotential cells into neuronal versus non-neuronal cell types. pros and dPax2 are also important for generating different subsets of CCs. Third, dPax2 and BarH1 participate in PPC specification and differentiation. Finally, dPax2 and SoxN are likely to participate in terminal differentiation events such as activation of Crystallin expression. Below, we describe each of these events in more detail.
Generation of a multipotential precursor pool: roles for So, Gl, and Lz sine oculis (so) is necessary for the induction and formation of the entire eye structure (Cheyette et al. 1994; Serikaku and O'Tousa 1994) ; hence, so mutants completely lack eyes. glass (gl) mutants, on the other hand, form eyes, but these eyes are small and its many fused corneal lens facets make the eyes appear ''glassy'' by light microscopy (Moses et al. 1989 ) (e.g. see Fig. 3 ). Finally, lozenge (lz) was identified based on the lozenge-like shape of its mutant eyes, but these mutants also appear ''glossy'' or ''spectacled''. Both classes of lz mutants lack lenses, while ''spectacled'' mutants also have pigment cell defects (Patterson and Muller 1930; Clayton 1957 The so retinal determination gene sits at the top of the lens specification cascade. One of its downstream targets is gl, a zinc finger transcription factor-encoding gene activated in all cells after the MF (Yan et al. 2003) . Together, So and Gl activate lz, a Runx1 homologue that is necessary for R1/ 6, R7, CC and PPC specification, and prospero, a Prox1 homologue required for R7 terminal differentiation and CC specification (Xu et al. 2000; Cook et al. 2003; Yan et al. 2003; Hayashi et al. 2008; Charlton-Perkins et al. 2011) . Like vertebrate Runx orthologs, Lz physically interacts with several other DNA-binding partners to regulate downstream target genes Jackson Behan et al. 2005) . For example, Lz functions together with the Ras/MAPK-activated ETS-related transcriptional activator PntP2 to induce expression of several genes important for fly lens development, including pros, dPax2, and argos (Fu and Noll 1997; Xu et al. 2000; Wildonger et al. 2005) . Lz also cooperatively binds with the homeobox transcription factor, Cut, to repress expression of deadpan (dpn), a proneural bHLH-encoding gene, in CCs . While less is known about direct targets of Lz in R1 and R6 cells, it genetically suppresses expression of a COUP-TF-related nuclear receptor encoding gene, sevenup, and promotes expression of the homeobox transcription factor-encoding gene BarH1 (Daga et al. 1996) . Thus, Lz both activates and represses a number of genes involved in retina and lens formation and further restricts the developmental potential of So-and Gl-expressing cells.
Restricting neuronal from non-neuronal cell fates: roles for Ttk, Cut, Pros, and dPax2
Several factors are involved in further restricting Lz-competent cells into neuronal (photoreceptors) versus non- In spa pol mutants, disorganized, fused, and smaller lens facets are apparent as a rough eye by scanning electron microscopy (d) and a ''sparkling'' appearance by light microscopy (e). Developmentally, this phenotype results from loss of an average of one CC per ommatidia, aberrant PPC differentiation, and premature IOC death (Fu and Noll 1997; Siddall et al. 2003; Charlton-Perkins et al. 2011) , apparent by E-cad (magenta f, f 00 ) and Cut (green f 0 , f 00 ) expression neuronal (CCs and PPCs) cell types. tramtrack (ttk) encodes two zinc finger transcriptional repressors with important roles in early CC fate determination, and mutants produce mild to severe rough eye phenotypes (Xiong and Montell 1993) . The zinc finger-encoding region in ttk is alternatively spliced to generate two isoforms (Ttk69 and Ttk88) with different DNA-binding specificities (Read and Manley 1992) . In eye imaginal discs, both ttk isoforms are expressed in CCs, where they prevent these cells from adopting a neuronal cell fate (Xiong and Montell 1993; Lai et al. 1997) , much like their roles during peripheral sensory organ precursor development (Guo et al. 1996) . Although the R1, R6 and R7 PRs also express ttk, their proteins are degraded in these cells by polyubiquitination via Sina, a RING domain E3 ligase, and Phyllopod, a Ras-dependant adapter protein Tang et al. 1997 ). In contrast, Ttk is stabilized in CC precursors through deubiquitylation by the ubiquitin protease Ubp64 (Bajpe et al. 2008) . Ttk also promotes cell cycle exit after the SMW through direct transcriptional repression of the cell cyclepromoting Cdc25 phosphatase, String, suggesting that Ttk proteins have dual roles during CC development (Baonza et al. 2002) . Besides String, no other directs targets of Ttk have been defined in the eye, although pros and lz, normally expressed higher in R7s than CCs, have been proposed as potential Ttk targets (Xu et al. 2000; Siddall et al. 2009 ). prospero (pros) encodes an atypical homeodomain transcription factor that is expressed highly and continuously in R7 PRs, and at lower levels and transiently in CC precursors (MCP and TC personal observation, Kauffmann et al. 1996; Cook et al. 2003) . As mentioned earlier, pros is up-regulated by So and Gl, as well as by the Ras-activated ETS transcription factor PntP2 (Xu et al. 2000; Hayashi et al. 2008 ). R7s and CCs arise from a subset of equipotential cells known as the ''R7 equivalence group'' (Dickson et al. 1992; Greenwald and Rubin 1992; Tomlinson and Struhl 2001) . All five cells are stimulated by EGFRdependent Ras/MAPK signaling, but only one of these cells, the presumptive R7, receives additional input from the R8 photoreceptor to activate another tyrosine kinase receptor expressed in the R7 equivalence group, called Sevenless. Sevenless, like EGFR, signals through Ras/ MAPK, and the additional Ras/MAPK activation provided by its activation stimulates this cell to differentiate into a neuron. Those cells that do not receive Sevenless signaling have less Ras/MAPK activation and subsequently differentiate into CCs (see Greenwald and Rubin 1992; Tomlinson and Struhl 2001 for review) . Thus, the decision to become a neuronal R7 versus a non-neuronal CC is dependent on Ras/MAPK levels. Importantly, pros is not only a downstream target of Ras/MAPK signaling, but also positively feeds back into this pathway to further stimulate Ras/MAPK signaling. By doing so, pros functions as a proneural switch during R7 versus CC fate choices (Charlton-Perkins et al. 2011) .
dPax2 was originally identified for its role in lens development by its eye-specific allele, spa pol , that appears sparkling or polished by light microscopy (Fig. 3,  Rickenbacher 1954 ). dPax2 encodes a paired domain transcription factor, is expressed in CCs and PPCs, and as discussed more below, is important for various aspects of CC/PPC differentiation. dPax2 was also recently shown to prevent CCs from adopting an R7 photoreceptor fate (Charlton-Perkins et al. 2011 ). This latter function is mediated by promoting Notch signaling in two ways: first, by up-regulating E(spl) expression, and second, by repressing Delta expression, two events commonly linked to non-neuronal fate specification in the developing nervous system (Beatus and Lendahl 1998; Artavanis-Tsakonas et al. 1999; Doroquez and Rebay 2006) .
The transcription factor Cut is currently the only known CC-restricted gene product (Blochlinger et al. 1993) , and it is often used as a universal marker for CCs. However, besides its ability to function with Lz to repress dpn in the imaginal disc , cut gene function during lens formation has not been explored. In addition, despite the widely accepted view that Cut expression is the ''gold-standard'' for defining specified CCs, it is not expressed in dPax2-mutant CC precursors in the imaginal disc although CC number is only mildly affected in these mutants (Fu and Noll 1997; CharltonPerkins et al. 2011 ). This indicates that Cut expression is not required for CC specification. Curiously, however, Cut is expressed later in pupation in dPax2-mutant CCs (Fu and Noll 1997) , suggesting that cut undergoes two temporally distinct phases of regulation during CC maturation-early in the imaginal disc, and later during pupation. Consistent with dPax2 contributing to its early expression, Cut displays a similar differential expression pattern with dPax2 in early CC precursors, being more highly expressed in a/p than eq/pl CCs (Charlton-Perkins et al. 2011, see next section). Future studies await to determine what contributes to Cut's late non-dPax2-dependent expression during pupation, and its potential role(s) in lens development.
Specifying distinct cone cell populations: roles for Pros and dPax2
The four CCs are recruited pairwise: the anterior and posterior CCs (a/p CCs) are recruited immediately after the R7 PR, followed closely by the equatorial and polar CCs (eq/pl CCs) (Wolff and Ready 1993) . Although all four CCs are often considered identical, earlier-born CCs are both genetically and morphologically distinct from laterborn CCs (Wolff and Ready 1993; Charlton-Perkins et al. 2011 ). Molecularly, these two CC subtypes can be distinguished by the differential expression of dPax2 and Pros: both factors are expressed in all four CCs, but dPax2 is enriched in a/p CCs, while Pros is enriched in the eq/pl CCs (Charlton-Perkins et al. 2011) . Importantly, CC number and lens formation are only mildly affected in lossof-function mutants for either pros or dPax2, but simultaneously removal of both factors completely abolishes CC specification and lens formation (Charlton-Perkins et al. 2011) . Epistasis experiments indicate that pros and dPax2 do not rely on each other for their expression, suggesting that they have partially overlapping functions during lens formation. Currently, the significance of the two separate CC subtypes is unclear, but it is perhaps relevant for establishing different local signaling environments to allow appropriate PPC and IOC specification, patterning and survival (see below).
Primary pigment cell differentiation: roles for dPax2/BarH1
Early in pupation, Pros is no longer detected in CCs, and dPax2/Cut expression increases to uniform levels in all CCs (Kauffmann et al. 1996; Cook et al. 2003 ) (MCP and TC, unpublished) . dPax2 expression is also expanded into the recently recruited PPCs (Fu and Noll 1997) . Here, dPax2 does not appear to be important for PPC formation per se, but is critical for activating the expression of two related homeodomain transcription factors, BarH1 and BarH2 (Fu and Noll 1997; Charlton-Perkins et al. 2011) . Mutations in BarH1/2 cause a ''blueberry'' eye phenotype (a small hole in the center of each lens), with lenses often fused (Higashijima et al. 1992 ). In addition, TEM analysis of BarH1/2 mutants shows that PPCs fail to extend to the surface of the eye, and instead, remain at the level of the CCs, causing the pseudocones from separate ommatidia to fuse (Higashijima et al. 1992) . These genetic studies support previous EM-based models that PPCs are important for providing pseudocone structure, while CCs are involved in pseudocone secretion. Interestingly, BarH1 misexpression converts a/p CCs, but not eq/pl CCs, into PPCs (Hayashi et al. 1998) . Since a/p CCs express higher levels of dPax2 than eq/pl CCs, these data suggest that BarH1 and high dPax2 together promote PPC differentiation, whereas Pros and dPax2 are important to promote CC differentiation.
Terminal differentiation: roles for dPax2/SoxN
Despite architectural differences between vertebrate and invertebrate lenses, the expression and regulation of lensspecific genes is likely conserved (Fig. 4 , Tomarev and Piatigorsky 1996; Kozmik 2005) . Particularly compelling evidence for this was provided by experiments demonstrating that the enhancer of the chicken d-Crystallin gene was specifically activated in CCs when introduced into Drosophila (Blanco et al. 2005) . In chick, this enhancer is under direct control of Pax6 and Sox1, but in Drosophila, dPax2 activates this enhancer by binding to the Pax6 sites, while fly Sox Neuro (SoxN) mediates Sox1's function (Blanco et al. 2005) (Fig. 4a) . These findings provided further support for the hypothesis that Pax2 and Pax6 are derived from a common PaxB ancestor (Kozmik et al. 2003) (Fig. 4b) , and contributed the first evidence that a Sox factor was expressed in the fly lens. Despite the significance of this study, there is currently no evidence that a Drosophila Crystallin is expressed during the early stages of CC development when the chick Crystallin enhancer was expressed. In addition, although recent studies have implicated dPax2 in activating Drosocrystallin expression, whether this is direct or indirect is unclear (Dziedzic et al. 2009 ). Finally, it remains uncertain what role, if any, SoxN plays during Drosophila CC or PPC specification, Crystallin expression, or corneal lens secretion. Nevertheless, further research on dPax2 and SoxN during terminal differentiation events in the fly eye should deepen our insight into the evolutionary conservation of lens development across phyla.
Extrinsic factors
EGFR and Notch signaling
The EGFR/Ras/MAPK and Notch/Delta signaling pathways are reiteratively and combinatorially used for specifying almost all cell types in the fly eye, including CCs (see reviews by Freeman 1997; Tomlinson and Struhl 2001; Doroquez and Rebay 2006; Vivekanand and Rebay 2006) . Indeed, because of the high sensitivity of R7 versus CC fate decisions on levels of Ras-dependent signaling, discussed earlier, this cell fate choice provided an important model system for defining the conserved components of the EGFR/Ras/MAPK signaling pathway (Dickson and Hafen 1994; Wassarman et al. 1995; Freeman 1996; Doroquez and Rebay 2006) . Significant cross-talk between EGF and Notch signaling occurs during CC specification, however, making it difficult to separate these pathways in this cellular context. For instance, EGF signaling (via activated MAPK, or pERK) leads to increased Delta expression (Tsuda et al. 2002) and degradation of the intracellular domain of Notch (Nagaraj and Banerjee 2009), together resulting in a cell autonomous reduction in Notch signaling. Conversely, Notch signaling promotes expression of yan, a gene encoding an ETS-related transcriptional repressor that negatively regulates downstream targets of Ras/MAPK signaling (Rohrbaugh et al. 2002) . Thus, in both cases, EGF and Notch signaling function antagonistically. In contrast, EGF and Notch signaling function additively to activate dPax2 expression-the MAPK-activated ETS transcriptional activator, PntP2, and the Notch ICD /Su(H) activation complex both provide positive input on the CC-specific enhancer of dPax2 (Flores et al. 2000; Swanson et al. 2010) .
Consistent with the fact that both EGF and Notch activate dPax2, many studies have demonstrated that EGF and Notch signaling are both critical for CC and PPC development. The source of ligands for the EGFR and Notch receptors, Spitz and Delta, respectively, are initially provided by previously specified photoreceptors. Delta is also transiently expressed in CCs toward the end of larval development, is quickly shut off in early pupation, and is then re-expressed in CCs just prior to PPC specification (Parks et al. 1995) . Early Delta expression is likely to be important for CC subtype specification (Charlton-Perkins et al. 2011 ), but its down-regulation is necessary to prevent ectopic PPC formation (Nagaraj and Banerjee 2007) . The later increase of Delta in CCs important for proper PPC recruitment, and results from a cell autonomous increase in EGFR signaling. EGFR signaling in PPCs, however, does not appear to influence their specification: no pERK activation is observed in PPCs, dominant-negative alleles of EGFR show no changes in PPC specification, and argos, a downstream target of EGFR, is not expressed in developing PPCs (Wildonger et al. 2005; Nagaraj and Banerjee 2007) . Moreover, dPax2 expression in PPCs is no longer dependent on PntP2 activation, but instead requires high levels of Lz and Notch signaling (Nagaraj and Banerjee 2007) . Thus, PPCs are one of the few cell types within the eye that do not directly require EGF signaling for their specification. However, EGFR signaling indirectly affects PPC formation early in the eye imaginal disc by promoting survival of the otherwise unspecified cells (see below) and later, by activating Dl in CCs.
Although both EGF and Notch signaling are required for CC specification, careful examination of the literature shows that not all CCs are equally sensitive to perturbations in these two pathways. For instance, mutations in EGFR, canoe, pnt, yan, pros, Notch, Su(H), dPax2, ebi, strawberry notch (sno) and extramacrochaetae (emc), only lead to a partial loss of CCs (Cagan and Ready 1989b; Lai and Rubin 1992; Brunner et al. 1994; Matsuo et al. 1997; Tsuda et al. 2002; Bhattacharya and Baker 2009 ). These data suggest that Ras and Notch signaling may differentially affect different subpopulations of CCs. In this respect, it is particularly noteworthy that pros and dPax2 differentially feed back into the Ras and Notch pathways, respectively, and are expressed at different levels in different CCs: pros is more highly expressed in eq/plCCs and up-regulates MAPK, whereas dPax2 is more highly expressed in a/p CCs and represses Notch signaling (Charlton-Perkins et al. 2011) .
It is still unclear what the developmental consequence is for such differences in signaling levels and different CCs. One possibility is that it is important for preventing premature apoptosis of unspecified precursors in the imaginal disc. During this time, high EGF signaling blocks pro-apoptotic signals mediated by the Notch pathway (Baker and Yu 2001) . As the eye matures into pupation, EGF signaling decreases, allowing Notch activity to eliminate any unspecified cells (Yu et al. 2002; Rusconi et al. 2004 ). Since dPax2 is important for repressing Delta expression, and pERK indirectly inhibits Notch signaling, it is reasonable to speculate that pros and dPax2 function cooperatively in CCs to block both the Notch receptor and its ligand, thus promoting precursor cell survival. Consistent with this model, loss of dPax2 in the imaginal disc Fig. 4 Crystallin regulation by PaxB-derived dPax2 and Pax6. a Currently, only one Crystallin-encoding gene, Drosocrystallin, has been studied in Drosophila. Drosocrystallin expression is lost in dPax2 mutants, but whether dPax2 regulates this gene directly or indirectly is not clear (Dziedzic et al. 2009 ). Interestingly, however, the chicken d-Crystallin enhancer, normally regulated by vertebrate Pax6 and Sox1, is activated in Drosophila CCs by dPax2 and SoxN (Blanco et al. 2005) , revealing that common regulatory mechanisms are likely to be used to control lens-specific gene expression in vertebrates and invertebrates. b dPax2 and Pax6 appear to be derived from a common ancestor, PaxB, which contains a paired domain (PD) and homeodomain (HD) similar to Pax6, and an octapeptide (O) region that is found in Pax2 (Kozmik et al. 2003) . While the PD of dPax2 shares little sequence identity with the PD of Pax6, they are capable of binding similar sequences (Blanco et al. 2005) leads to extensive and early cell death, resulting in a significant decrease in precursor cells during pupation (Siddall et al. 2003) . Whether pros influences cell death is not known, but its expression is down-regulated in CCs during early pupation when cell pruning begins, placing pros at the right time and place to help prevent premature cell death by inhibiting Notch activity.
Wingless signaling
Wingless (Wg), the first Wnt molecule to be identified, is primarily recognized during eye development for its role in preventing expansion of the eye field into the head cuticle region (Lim and Tomlinson 2006 (Cordero et al. 2004; Cordero and Cagan 2010) . During CC specification, Wg is secreted by PRs, signals in CC precursors through both Frizzled receptors and the canonical Wg transcriptional activator TCF, and blocks the formation of a subset of CCs (Cordero and Cagan 2010) . Pygopus, a downstream effector of Wg that can function as a TCF co-activator (Thompson et al. 2002) , is not essential for wg's role in CC number but is important for CC morphology, suggesting that wg plays multiple and genetically distinct roles during CC development (Cordero and Cagan 2010) . Later, during early pupation, Wg is secreted by the CCs and promotes a wave of cell death in the surrounding unspecified cells (Cordero et al. 2004 ). Consistent with the requirement for Notch in mediating this same process, wg genetically interacts with Notch at this time. Since Notch and wg interact in many developmental contexts, including vertebrate lens development, future studies aimed at better understanding how these pathways intersect during fly eye patterning should be broadly relevant.
BMP signaling
Other signaling pathways that contribute to Drosophila lens development are not well understood. In some cases, as with Dpp signaling, this is likely due to their earlier roles in eye development. As previously mentioned, dpp is necessary for MF progression, so mutations in this pathway abolish eye development (Heberlein et al. 1993 ). However, relatively recent studies have shown that dpp is also expressed later in PPCs, and activated Dpp targets, such as phosphorylated Mad (Mothers against Dpp) protein, are dynamically expressed in CCs and IOCs (Cordero et al. 2007 ). While no role for Dpp signaling has been defined for CC development, activation of the Dpp Type I and II receptors (Thick Veins and Punt, respectively) specifically in SPCs promotes proper cell elongation (Cordero et al. 2007) . Mutants in the Dpp signaling pathway also lead to excess IOCs, likely through interactions with E-cadherin (Cordero et al. 2007 ). However, given that activated Mad is expressed and maintained in CCs after their specification, future studies that manipulate late Dpp signaling may be useful for uncovering otherwise unknown aspects of CC terminal differentiation.
JNK and/or PKA signaling
The JNK signaling pathway is a central regulator of cell death in a number of systems, and this appears to be no exception in the fly eye (Kanda and Miura 2004; Xia and Karin 2004; Dhanasekaran and Reddy 2008; Igaki 2009 ). Indeed, many components of the JNK signaling pathway have been uncovered in modifier screens aimed at identifying suppressors of eye defects caused by protein overexpression (Wang et al. 2005; Franciscovich et al. 2008) . Since overexpressing proteins often leads to non-specific cell death, and since CC/PPC cell death is readily detected as ''glassy'' eyes by light microscopy, the eye has been frequently used for such misexpression studies. It is then perhaps no surprise that mutations in the JNK pathway rescue such defects, presumably by blocking cell death. Whether JNK plays a role during normal lens development, however, remains less clear. Perhaps the strongest evidence for this possibility thus far comes from studies of rugose. rugose mutants were initially identified based on their rough eye appearance, and when the rugose locus was cloned, it was found to encode an A kinase anchor protein, normally involved in cAMP/PKA-dependent signaling (Wech and Nagel 2005) . While little attention has been paid to PKA signaling in the fly lens, early analysis of Pkac1 mutants described defects in pigmentation and lens formation (Han et al. 1997) . Further studies of rugose mutants revealed defects in CC specification and genetic interactions with JNK signaling as well as dPax2, EGF, Notch (Shamloula et al. 2002) . Hypomorphic rugose alleles, which still generate some CCs, showed increased JNK activation and reduced EGF signaling (Wech and Nagel 2005) . Moreover, suppressing JNK signaling, removing Notch, blocking apoptosis, or activating EGF signaling completely restored CC formation in rugose mutants (Wech and Nagel 2005) . As Notch is critical for triggering apoptosis after IOC recruitment, and EGF signaling antagonizes this function, one could postulate that JNK helps to mediate Notch-dependent cell death, while rugose functions in conjunction with EGF in CCs to prevent their inappropriate apoptosis. In this respect, it is worth noting that PPCs form in rugose mutants, while CCs do not (Wech and Nagel 2005) , suggesting that rugose promotes CC survival after PPC specification, but is not involved in CC specification per se. Future experiments testing these hypotheses are certainly necessary, as well as studies that specifically address the contribution of JNK and PKA signaling to lens formation.
Cell adhesion and early CC/PPC morphogenesis events During the first half of pupation, CCs, PPCs and IOCs undergo dramatic and highly regulated cell sorting and morphogenic event that require cell surface molecules. These include cadherins (E-and N-), integrins, and integrin-related molecules (IRMs)-Hibris (Hbs) and Sticks-N-Stones (Sns) (two Nephrin-related proteins), and Roughest (Rst) and Kirre (Kir) (two Neph-like proteins) (Bao 2010) . Here, we highlight the role of these proteins as they relate to CC and PPC patterning, as well as CC/PPCdependent patterning of the IOCs.
By the end of larval development and early into pupation, the a/p CCs spread over the surface of the PRs and their apical surfaces converge at the center of the ommatidia (Cagan and Ready 1989a) . The a/pCC contacts spread basally through integrin-mediated processes and meet at the floor of the retina, physically separating the PRs into two populations-the R1/6/7/8 and R2/3/4/5 (Cagan and Ready 1989a; Longley and Ready 1995) . After PPC recruitment, the apical surfaces of the eq/pl CCs begin to migrate over the top of the a/p CCs and meet in the middle, forcing a/p CC separation. Like the a/p CCs earlier, the eq/ pl CC junctions also expand downward through integrin receptor-mediated contacts, further separating the PRs into four groups-R1/8, R 2/3, R4/5, and R6/7 (Wolff and Ready 1993; Longley and Ready 1995; Grillo-Hill and Wolff 2009 ). Integrin receptors are comprised of a b-subunit complexed with either an a-ps1 or ps2 subunit, and are required for retinal floor integrity (Wilcox et al. 1984; Bogaert et al. 1987; Leptin et al. 1987; Longley and Ready 1995) . The b-subunit is expressed at the base of the CCs and the IOCs, while the a-subunits are differentially expressed in the CC plate (Longley and Ready 1995) .
While the basal CC feet produce the retinal floor plate and ensheathe the PR axons exiting the retina, the majority of the CC body remains at the distal region of the retina to produce the corneal lens and pseudocone. Here, the apical surfaces of the pupal CCs form a tight cluster that closely resembles soap bubbles (Hayashi and Carthew 2004) . This CC conformation appears to be driven by homophillic N-cadherin interactions (Hayashi and Carthew 2004) . N-and E-cadherin are broadly expressed in the developing eye, with E-cadherin present in all cells, and N-cadherin restricted to CCs and the underlying PRs (Fig. 5a, Hayashi and Carthew 2004). Removing N-cadherin affects CC shape, and occasionally disrupts the signature CC quartet, whereas misexpressing N-cadherin in individual PPCs causes inappropriate CC-PPC contacts and significant disruption of an intact CC quartet (Hayashi and Carthew 2004) . Therefore, N-cadherin is critical for maintaining CC-CC interactions, and does so at least in part by increasing CC-CC surface areas and minimizing CC-PPC interactions. While N-cadherin is important for deciding CC-CC versus CC-PPC contacts, E-and N-cadherin play redundant roles for zonula adherens function in CCs, as removing both factors leads to complete loss of CC contacts in the eye.
In contrast to CC-CC interactions, CC-PPC and PPC-IOC contacts require E-cadherin homophilic interactions, Rst-Hbs heterophilic interactions, and the ZO-1-related apical protein Polychaetoid (Bao and Cagan 2005; Seppa et al. 2008; Grillo-Hill and Wolff 2009 ). Hbs and Rst are also highly integrated with cell signaling pathways to allow proper patterning and cell number restriction (see Bao 2010 for review). Early in pupation, Rst-Hbs interactions between PPCs are important for zippering these two cells together as they encircle the CCs (Bao and Cagan 2005) . Later, in response to Notch signaling, Rst and Hbs become restricted to IOCs and PPCs, respectively, to allow proper patterning (Gorski et al. 2000) . This Notch-dependent restriction of Rst is also critical to ensure that the correct number of IOCs form, and in either Notch or rst mutants, precursors normally destined to die are retained in the pigmented epithelial population (Cagan and Ready 1989b; Bao and Cagan 2005) . Hbs-Rst heterodimerization is also important for preventing Dpp/Tkv signaling between PPCs and SPCs to ensure proper elongation of the SPC apical surfaces (Cordero et al. 2007 ). Based on the growing evidence that apical junction markers interact and influence signaling proteins during normal development, as well as in cancer, it is likely that further characterization of the role of cadherins and IRMs in fly eye patterning will be a valuable resource for defining these interactions.
Vertebrate lens development
Multiple works have comprehensively reviewed anterior segment and lens development in vertebrate model organisms (Wride 1996; Fisher and Grainger 2004; Glass and Dahm 2004; Gould et al. 2004; Lovicu and Robinson 2004; Martinez and de Iongh 2010) . In addition, the early steps of lens formation, particularly the signals and intrinsic factors that regulate induction, have been discussed numerous times (Fisher and Grainger 2004; Lang 2004; Cvekl and Duncan 2007; Lachke and Maas 2010) . Therefore, this section briefly summarizes the fundamental anatomical and cellular changes that underlie lens organogenesis in the vertebrate eye, as a basis for comparison with the fly lens. In particular, we focus on the successive stages of lens formation that lead to the production of temporally distinct waves of differentiated lens fiber cells.
Vertebrate eye development begins with complex morphogenetic movements in both the embryonic surface ectoderm and anterior neural plate (see Fig. 1b ). First, ventral diencephalon cells in the brain evaginate to the surface ectoderm, giving rise to the optic vesicle. Lens development starts in the surface ectoderm overlaying the optic vesicle, known as the presumptive lens ectoderm (PLE). This tissue undergoes localized thickening to form the lens placode. Subsequently, cells of the lens placode change shape to produce a lens pit, which fills the space created when the optic vesicle invaginates to form an optic cup. For decades, it has been known that signals from the optic vesicle induce lens formation (Spemann 1938; Mathers et al. 1997 ), but only very recently was it demonstrated that optic vesicle-to-cup morphogenesis can occur in the absence of the lens placode and surrounding mesenchyme (Eiraku et al. 2011) . Once the lens pit closes off fully and detaches from the surface ectoderm, it forms a hollow lens vesicle. The remaining overlying embryonic ectoderm later gives rise to the cornea and other tissues of the anterior eye.
The lens vesicle is comprised of proliferating progenitor cells that enlarge the tissue and differentiate into a single cell type-fiber cells. The first phase of lens cell differentiation, termed primary fiber formation, initiates in the posterior pole of the lens vesicle, as it separates from the surface ectoderm. The farthest posterior cells exit mitosis, lose progenitor cell characteristics and begin to differentiate. Nascent primary fiber cells also activate a cocktail of intrinsic factors that promote terminal differentiation (see below). Primary fibergenesis spreads circumferentially in the lens vesicle, while elongating fiber cells encroach on the vesicle lumen and eventually contact the anterior-most cells (see Fig. 5b ). Lens progenitor cells that reside in this anterior region partially differentiate, producing a specialized epithelial cell layer (AEL) that remains proliferative. The apposition of AEL cells and primary fiber cells establishes an anteriorposterior (A-P) boundary. Once this polarity is established, secondary lens fiber differentiation initiates. During secondary fibergenesis, AEL cells migrate circumferentially to the equator, or boundary, of the lens vesicle, exit the cell cycle, elongate and differentiate. Terminal differentiation of fiber cells involves a gradual loss of nuclei and cell organelles (Golgi, mitochondria and the endoplasmic reticulum), which is important to provide optical clarity and achieve the appropriate refractive index necessary for a functional lens (Lovicu and Robinson 2004) . The primary fiber cells are the first to undergo this transition and are maintained in the center of the lens, while the secondary fiber cells are stratified around the primary fiber cells and are continuously added to the lens throughout life. Currently, the best-established markers for lens differentiation are the Crystallin proteins. During mammalian lens pit and vesicle morphogenesis, all lens cells express a-Crystallin (Crya), while b-Crystallin (Cryb) and c-Crystallin (Cryg) are found in differentiating fiber cells. The latter proteins first appear in posterior primary fibers, and later are specifically expressed throughout the fiber cell compartment (McAvoy 1978) .
While the genetic network responsible for lens development continues to be elucidated, many questions remain open regarding how these molecular pathways orchestrate vesicle morphogenesis, A-P patterning, epithelial cell proliferation, cell cycle exit, and fiber cell elongation and differentiation. As an example, although retina and lens cells simultaneously initiate differentiation (E11 in mouse), it is unclear whether these are independent or coordinated events. Moreover, it is unclear whether primary and secondary fiber cells are molecularly and/or functionally distinct. The following sections summarize what is known about a subset of intrinsic transcription factors, extracellular signaling pathways and intracellular cell adhesion molecules that are required for proper lens growth and fiber cell differentiation (also see Fig. 6 ).
Intrinsic factors
Transcription factors regulate virtually all aspects of lens development and are often classified as either (a) present in the lens placode, pit, and/or AEL (Pax6, Sox2, Foxe3, Pitx3) or (b) activated during fiber cell differentiation (Prox1, Sox1, c-Maf). As described below, however, these factors are involved in many distinct aspects of lens formation.
Factors present in the lens placode, pit, and/or AEL: Pax6, Sox2, FoxE3, and Pitx3
One of the earliest expressed genes known to regulate lens formation is Pax6, which encodes a protein containing both a paired and a homeodomain DNA-binding motif. Pax6 is present at all stages of lens development, except within differentiated fiber cells. Multiple studies have demonstrated that Pax6 is both necessary and sufficient for lens induction in vertebrates (Chow et al. 1999; Ashery-Padan et al. 2000) . However, removal of Pax6 during fiber cell differentiation shows that it is also important for AEL cell cycle exit and fiber cell differentiation (Shaham et al. 2009 ). Pax6 does not regulate these later processes via Sox1, Prox1 or c-Maf, as these factors are still present in Pax6 conditional knockout mice. Instead, Pax6 is important for activating the Wnt antagonist Sfrp2 in the AEL and suppressing Sox2 expression at the lens equator. Whether these events are responsible for the defects in fiber cell differentiation observed in conditional Pax6 mutants, however, is unclear (Shaham et al. 2009 ). Pax6 has also been implicated in regulating multiple Crystallin-encoding genes (Cvekl et al. 2004; Kamachi et al. 2001; Kondoh et al. 2004 ). During placode formation, Pax6 cooperatively binds with Sox2 to activate a-Crystallin, but neither factor is required for its maintenance. Additionally, Pax6 represses b-and c-Crystallins independently of Sox2 (Kamachi et al. 2001; Kondoh et al. 2004; Shaham et al. 2009 ). Hence, Pax6 and Sox2, together and separately, regulate multiple downstream target genes at discrete times during lens development.
Foxe3 (in Xenopus, Xlens1) encodes a forkhead transcription factor, requires Pax6 for its expression, and displays the earliest known lens-specific expression pattern (Blixt et al. 2007) . Foxe3 initially appears in the PLE, and its expression persists in the lens vesicle and AEL, but it is absent from differentiated fiber cells (Kenyon et al. 1999; Blixt et al. 2000; Brownell et al. 2000) . Two distinct mouse Foxe3 mutations highlight its role in lens development (reviewed in Medina-Martinez and Jamrich 2007). The classic mutation, dysgenetic (dyl), reduces the DNA-binding ability of Foxe3, leading to microphthalmic lenses and incomplete separation of the AEL and the overlying cornea (Blixt et al. 2000; Brownell et al. 2000) . Complete removal of Foxe3 by targeted gene deletion severely disrupts AEL cell proliferation, and prevents AEL-cornea separation, fiber cell elongation and denucleation. These mutant lenses are also microphthalmic and contain cataracts. The underlying molecular mechanisms of some of these phenotypes have been defined. For examples, loss of Foxe3 deregulates Prox1 expression, which in turn up-regulates the cell cycle exit gene Cdkn1c/p57Kip2, thereby causing progenitor cells to stop dividing. Similarly, Foxe3 can activate platelet-derived growth factor alpha expression (Pdgfa), which is important to induce proliferation (Blixt et al. 2000) . Thus, down-regulating Foxe3 blocks multiple lens cell proliferation pathways. The fiber cell deformities in Foxe3 mutants occur because Foxe3 normally promotes DNase2b expression, which is important for degrading nuclear DNA during fiber cell differentiation (MedinaMartinez et al. 2005) .
Another critical gene product during vertebrate lens development is Pitx3, which encodes a Bicoid-like homeodomain transcription factor (Semina et al. 1997) . aphakia (ak) mutant mice lack Pitx3 mRNA and develop only rudimentary lenses, due to the requirement for Pitx3 to promote progenitor cell proliferation and differentiation and to block apoptosis (Rieger et al. 2001; Medina-Martinez et al. 2009 ). Lens progenitor cells lacking Pitx3 prematurely exit the mitotic cell cycle, activate the cell cycle inhibitors Cdkn1b/p27Kip1 and Cdkn1c/p57Kip2 and precociously express b and c-Crystallin (Ho et al. 2009 ). These defects are partially due to down-regulation of Foxe3 and mis-expression of Prox1 in the lens vesicle (Ho et al. 2009 ). These data strongly suggest that Pitx3 acts in parallel and upstream of Foxe3 to maintain lens epithelial cells by blocking inappropriate fiber cell differentiation.
Factors activated during fiber cell differentiation: Prox1, Sox1, and L-Mafs Prox1, Sox1 and L-Maf factors are each activated as primary and secondary fiber cells initiate terminal cell cycle exit, elongate and differentiate. Prox1 encodes a homeobox protein and is the vertebrate ortholog of the Drosophila prospero gene (Tomarev et al. 1998 ). Sox1, like Sox2, encodes a member of the HMG-box group of transcription factors (Nishiguchi et al. 1998) . Large Maf (L-Maf) factors encode a basic leucine zipper DNA-binding domain, plus an N-terminal transactivation domain (Reza and Yasuda 2004) . In the chick and frog eye, three large Maf factors, L-Maf, MafB and c-Maf are required for lens formation, but in mammals, only c-Maf and MafB are present in the lens. Loss of Prox1, Sox1 or c-Maf in mice renders progenitor cells unable to complete fiber cell differentiation. Mutations in either Sox1 or Prox1 block fiber cell elongation and c-Crystallin transcription, with no effect on either a-or b-Crystallin expression (Nishiguchi et al. 1998 ; (Pan et al. 2010) . Ras also leads to phosphatidylinositol 3 kinase (PI3K) and AKT activation to promote cell survival during lens fiber differentiation (Weber and Menko 2006) (Fz 1, 2, 3, 4, 6) , two co-receptors (Lrp 5 and 6) and multiple pathway agonists (Dkk, Sfrps) are all expressed in the developing mouse lens (Stump et al. 2003) Mol Genet Genomics (2011) 286:189-213 201 Wigle et al. 1999 ). Removal of c-Maf during mouse lens development also causes incomplete primary fiber elongation, but completely blocks secondary fiber formation, leaving a hollow lens vesicle (Kawauchi et al. 1999; Kim et al. 1999; Ring et al. 2000) . In contrast to Sox1 and Prox1 mutant mice, loss of c-Maf causes multiple Crystallin genes to be dramatically down-regulated or prematurely lost. Sox1 and Prox1 expression, however, is unaffected by the loss of c-Maf (Ring et al. 2000) , implying that each factor regulates cell cycle exit and/or fiber cell differentiation genes independently. It would be very interesting to simultaneously remove all three transcription factors and test whether primary fibergenesis is abolished, since this process initiates normally in each individual mutant.
Extrinsic factors
The environment surrounding the developing lens contains a multitude of signals for growth and differentiation. Lens cells themselves also synthesize signaling molecules, growth factor receptors and intracellular signaling pathway components. While numerous signaling pathways have been tested for lens induction capabilities, it is equally important to understand how extrinsic signals in the anterior aqueous stimulate the formation of the AEL and maintain its proliferative capability. Likewise, the mechanisms by which secreted factors from the developing optic cup/retina and posterior vitreous control lens fiber cell differentiation remain unresolved.
Fgf signaling
The first evidence that Fgf ligands stimulate lens fiber cell differentiation came from in vitro lens explant studies, which also showed that the posterior vitreous humor is a significant source for these signals (Chamberlain and McAvoy 1987) . This assay system was also instrumental for understanding that lens cells respond differently to various concentrations of Fgf ligands (alone or in combination) (McAvoy and Chamberlain 1989) . A low amount of Fgf signaling promotes AEL cell proliferation, but high concentrations induce fiber cell elongation and differentiation. These studies culminated in the ''Fgf gradient hypothesis'', whereby the lens environment contains a gradient of Fgf signaling, with signals originating from the retina, vitreous, lens and anterior aqueous humor (McAvoy et al. 1999; Lovicu and McAvoy 2005) . As the highest levels of signaling come from the vitreous, primary fibergenesis is induced at the posterior of the lens vesicle. During secondary fibergenesis, AEL cells receive the threshold of Fgf signaling needed for differentiation when they reach the equator. This gradient is likely composed of particular combinations of Fgf ligand proteins, and is modifiable by mechanisms such as heparin sulfate binding. In vivo support for this hypothesis has come from both gain-and loss-of-function studies. Transgenic mice in which various Fgf ligands or dominant-negative Fgfr constructs were specifically misexpressed in the lens resulted in AEL cells prematurely differentiating into fiber cells, or blocking fibergenesis, respectively Lovicu and Overbeek 1998) . Ligand overexpression, however, may trigger inappropriate AEL differentiation by blocking proliferation, directly promoting differentiation, or both. Loss-of-function studies have been more challenging, owing to the early lethality of many Fgf pathway mutations and issues regarding ligand and/or receptor redundancy. Recently, three of the four Fgfr genes were conditionally removed in the developing mouse lens (Zhao et al. 2008) . Although the lens vesicle formed and progenitor markers like Foxe3, Pax6 and a-Crystalllin were expressed normally, overall vesicle size was reduced. In addition, triple mutant lenses failed to activate c-Maf, Prox1, and b-and c-Crystallins, and showed persistent E-Cad/Cdh1 expression in the posterior vesicle, resulting in a hollow lens devoid of fiber cells (Zhao et al. 2008 ). These studies clearly indicate the importance of Fgf signaling for proper lens development.
Notch signaling
At minimum, Notch 1-3, Delta-like factors Dll1 and Dll3, Jag1, Hes1 and Hes5 are expressed during lens formation. Notch1, Notch2, Jag1 and Hes1 are expressed in the lens placode and lens vesicle cells, prior to primary fiber cell formation (Bao and Cepko 1997; Lee et al. 2005) . In frogs, optic vesicle cells induce lens formation via Delta-Notch signaling. Cooperative binding of a Notch ICD -Rbpj-MAML complex in the lens placode, together with the Otx2 transcription factor, activates Foxe3 transcription (Ogino et al. 2008) . Moreover, misexpression of the Xenopus Notch1 ICD promotes ectopic lenses and RPE formation, much like ectopic Pax6 expression (Onuma et al. 2002) . These early roles for Notch signaling, however, appear specific to the frog eye. During mouse lens fibergenesis, Jag1 protein becomes localized to primary fiber cells and then within lens equator cells during secondary fibergenesis (Le et al. 2009 ). Tissue-specific deletion of Jag1 or Rbpj demonstrates that this pathway is critical for the expression of cell cycle inhibitors such as Cdkn1c/p57Kip2 and for cell cycle exit (Jia et al. 2007; Rowan et al. 2008; Le et al. 2009 ). In the absence of Jag1 or Rbpj, the lens equator never fully forms, secondary fibergenesis breaks down and postnatal lens aphakia ensues. Interestingly, Jag1 mRNA and protein are localized on the anterior side of nascent secondary fiber cells, suggesting there may be a feedback signal to the AEL. Indeed, loss of Jag1 causes a dramatic down-regulation of Foxe3 in the AEL, and a loss of epithelial character, via loss of E-Cad expression (Rowan et al. 2008; Le et al. 2009 ). Understanding which Notch receptor(s) is active during fiber cell differentiation and/or AEL progenitor cell growth would better elucidate the molecular mechanisms for this pathway. Notch signaling acts downstream of Fgf in the lens, evidenced by the finding that Fgfs induce Jag1 expression in vitro (Saravanamuthu et al. 2009 ).
BMP/TGFb signaling
Bmp proteins are capable of inducing lens vesicle formation, with Bmps 4 and 7 originating from the optic vesicle (Luo et al. 1995; Karsenty et al. 1996; Furuta and Hogan 1998) . Overexpression of these ligands can also induce fiber cell differentiation, as shown by c-Crystallin expression or other fiber-specific marker activation in lens placode or AEL cell culture (de Iongh et al. 2001 (de Iongh et al. , 2005 Belecky-Adams et al. 2002) . Blocking Bmp signaling by Noggin overexpression, dominant-negative receptor misexpression or conditional deletion of Type1 receptor genes, causes microphthalmic lenses, with a diminished AEL, incomplete fiber elongation and, in some cases, fiber cell degeneration (Faber et al. 2002; Beebe et al. 2004; Rajagopal et al. 2008) . TGFb and Activin ligands do not appear to affect the lens, but there is some role for their Type I receptors during fiber cell maintenance, as suggested by misexpression studies (Shull and Doetschman 1994; Vassalli et al. 1994; Matzuk et al. 1995; Proetzel et al. 1995; Sanford et al. 1997) . Because particular receptors, like Acvr1, can transduce either a Bmp or Activin signal, the analysis of signal-specific Smads has recently shown that Bmp (Smad 1/5/8), but not Activin/ TGFb (Smad 2/3), stimulate Acvr1 in the lens during AEL cell cycle exit at the equator. In contrast, Bmp's separate activation of the Bmpr1a receptor blocks apoptosis in the lens placode and AEL (Rajagopal et al. 2008) . Therefore, the multiple functions of this pathway are segregated to distinct receptors, as well as at least one noncanonical mechanism (Rajagopal et al. 2009 ). Bmp signaling acts downstream of Fgf, but these two pathways also synergize during lens induction and exert feedback regulation during fiber cell differentiation (Faber et al. 2002; Boswell et al. 2008a, b) .
The Wnt/b-catenin pathway
The most highly conserved role for Wnt signaling is to induce the development and maintenance of epithelial cell characteristics. Wnt signaling in the surface ectoderm must be down-regulated for lens induction to occur, though it is also required for formation and maintenance of the AEL (Smith et al. 2005; Cain et al. 2008) . Loss of the Wnt coreceptor Lrp6 in the prenatal mouse lens causes the AEL cells to lose epithelial cell characteristics and prematurely express b-Crystallin within the anterior compartment (Stump et al. 2003) . Similarly, conditional removal of b-catenin keeps AEL cells from coalescing and leads to cell cycle deregulation via precocious Cdkn1c/p57 and c-Maf expression; however, unlike Lrp6 mutants, b-catenin mutant AEL cells do not aberrantly express b-Crystallin, indicating that Lrp6 regulates some functions in a b-catenin-independent manner. Conversely to its loss-of-function phenotype, constitutive activation of b-catenin results in a failure of AEL cells to exit the cell cycle at the equator and the persistence of progenitor cell markers such as Pax6 and E-Cadherin within the posterior compartment ). There is evidence from lens explant cultures that Wnt signaling, particularly in cooperation with the Fgf pathway, also regulates aspects of fiber cell differentiation. However, the phenotypes of b-catenin mutant lenses suggest that canonical Wnt signaling also acts at the lens equator in cells initiating fibergenesis, but not in older, fully differentiated and elongated lens fibers (Cain et al. 2008) . Therefore, loss of Wnt/b-catenin signaling affects AEL and fiber cell development similarly to loss of Bmp or Notch signaling. At present, however, nothing is known about epistatic relationships among these three signaling pathways in the vertebrate lens. There is also Wnt-stimulated, b-catenin-independent, planar cell polarity (PCP) signaling in the mammalian lens. PCP signaling can promote lens induction in the frog eye, and is important for coordinating the arrangement and orientation of fully differentiated lens fibers (Rasmussen et al. 2001; Chen et al. 2008) .
Cadherins
There are multiple features that distinguish anterior epithelial cells from posterior lens fiber cells. Differences in Crystallin protein expression have already been discussed, but cells in each compartment also express distinct cell-tocell communication, cell adhesion and cytoskeletal molecules (see Martinez and de Iongh 2010 for review) . The roles of two adhesion molecules, E-Cadherin (Cdh1) and N-Cadherin (Cdh2), are of particular relevance here, given the similarities in expression patterns within invertebrate and vertebrate lenses (see later discussion and Fig. 5b) . Cadherins belong to a family of calcium-dependent, cell adhesion molecules that maintain cell-cell contacts at adherens junctions via homophilic interactions (reviewed in Niessen et al. 2011) . Cadherins are differentially expressed during development, often in a cell typerestricted manner. E-and N-Cadherin proteins display overlapping expression domains in the vertebrate lens. Both are expressed at relatively high levels in the lens vesicle. When anterior epithelial cells coalesce into the AEL, they maintain expression of both cadherins, but primary fiber cells down-regulate E-Cadherin, while maintaining N-Cadherin expression (Fig. 5b) . This is in keeping with the transition of nascent lens fiber cells from epithelial-to mesenchymal-like cellular characteristics. Loss of E-Cadherin expression is a hallmark of lens fiber differentiation, with the interface of E-Cadherin? /N-Cadherin? anterior cells versus N-Cadherin? posterior cells defining the lens equator or transition zone.
Despite robust expression in the lens vesicle, studies show that conditional deletion of either E-Cadherin or N-Cadherin has no effect on vesicle separation from the overlying ectoderm. Single mutant lenses initially form a normal AEL and differentiated fiber cells, but are microphthalmic with late onset AEL deterioration and fiber cell vacuolization (Pontoriero et al. 2009 ). Double conditional mutants for E-and N-Cadherin had severe microphthalmia, abnormal lens vesicle separation and AEL cell adhesion, all resulting in apoptotic cell death, indicating that these proteins act redundantly (Pontoriero et al. 2009 ). Thus, in addition to cell adhesion properties, these Cadherin molecules also protect lens cells from prematurely dying. The Wnt and Notch signaling pathways are known to maintain E-Cadherin expression within the anterior epithelial layer, while Fgf signaling emanating from the vitreous downregulates E-Cadherin at the lens equator (Smith et al. 2005; Jia et al. 2007; Cain et al. 2008; Rowan et al. 2008; Zhao et al. 2008 ).
Comparing vertebrate and Drosophila lens development
The mature single lens in vertebrates and the facet lenses in fruit fly ommatidia show vast morphological differences. Regardless, many common signaling pathways and transcription factors seem to drive related developmental processes in these analogous ocular structures. Below, we discuss genes and pathways that are critical for lens formation in Drosophila and vertebrates, examining both similarities and differences in how these molecular networks orchestrate the development of such a critical ocular structure (see Table 1 ).
Initiation of the lens competence: Pax6 and SIX factors
In virtually every visual system analyzed to date, Pax6 sits atop a network of genes required for ocular development. This network includes member of the So/SIX, Eya, and Dac family of proteins (Quiring et al. 1994; Halder et al. 1995 Halder et al. , 1998 Gehring 1996 Gehring , 2005 Kumar and Moses 1997; Gehring and Ikeo 1999; Kumar 2001 Kumar , 2010 . In vertebrates, Pax6 is primarily known for its role in lens induction. In Drosophila, since the lens arises from the same tissue as the retina, it is unlikely that a direct equivalent to lens induction exists. However, two Pax6-encoding genes, eyeless (ey) and twin of eyeless (toy), are expressed anteriorly to the morphogenetic furrow, and activate so and eya, which are important for activating genes required for lens formation (e.g. lz and pros). Moreover, so and eya activate Dpp/BMP signaling, important for MF progression, and together with EGF/Ras/MAPK signaling, promote downstream cell fate decisions and cell survival that are essential for lens development (Heberlein et al. 1993; Baker and Yu 2001) . Comparably, vertebrate Pax6 expression is initiated very early, is required for lens induction and is important for the expression and/or function of Six3 and Eya1 (Xu et al. 1997; Ashery-Padan et al. 2000) . Furthermore, Bmp4/Bmp7 and Fgf/Ras/Mapk signaling are required for placode formation, lens competence and the prevention of premature cell death (Faber et al. 2002; Boswell et al. 2008a, b) . This suggests that many of the upstream molecular pathways involved in specifying lens competence and maintenance are conserved.
Remarkably little is known regarding the Pax6-Six-Eya network after lens induction, but it is interesting to note that Six3 appears to function upstream, rather than downstream, of Pax6 during lens development (Liu et al. 2006) . In this respect, it is unclear whether Six3 is functionally orthologous to so in flies (Donner and Maas 2004; Purcell et al. 2005; Donner et al. 2006) . Indeed, Six family members fall into three categories: Six1/2 are most highly related to Drosophila sine oculis, Six3/6 are similar to Drosophila optix, and Six 4/5 are most related to Drosophila dSix4 (Seo et al. 1999) . Currently, no loss-offunction studies for optix or dSix4 have been performed in Drosophila, so whether they play a role in lens formation is not known. However, like Six3, optix functions independently of Pax6 in Drosophila to induce ectopic eyes (Seimiya and Gehring 2000). Hence, it is possible that Six factors other than Six3 mediate downstream effects of Pax6 during vertebrate lens development. Six5, for example, is expressed in the AEL and is critical to prevent cataract formation in mice, similar to Pax6 (Klesert et al. 2000; Sarkar et al. 2000) , making it an interesting candidate. It should also prove useful to determine the roles of the Eya genes in both vertebrates and invertebrates. Eya1 has been reported to be expressed in the lens placode downstream of Pax6, and a mutation in human EYA1 has been associated with congenital cataracts, but to date no functional studies have been performed for Eya genes during lens development (Azuma et al. 2000) . Similarly, in flies, although Eya is expressed in all precursors early in eye specification, after pupation, Eya is restricted to only non-neuronal cell types (CCs, PPCs, and IOCs) (Bonini et al. 1998) , suggesting that it performs later functions. However, such functions have not yet been reported. Hence, although the discovery of the Pax-Six-Eya network provided critical support for a monophyletic origin of eyes, many questions remain regarding the function of these factors during later stages of eye formation.
Transition from proliferating precursors to the initiation of specification: Ras/MAPK, Pros/Prox1, and Fox factors One major distinction between the vertebrate and fly lens is that the vertebrate lens has a proliferative tissue, the AEL, which continually produces lens fiber cells, while cells that give rise to the fly lens undergo their final mitosis in the SMW of the eye imaginal disc. In this respect, it is possible that primary, rather than secondary, fibergenesis is more related to fly lens genesis. Importantly, however, many of the same factors required for the transition between the last mitosis and initiation of lens cell specification are shared in both systems. For example, one of best characterized pathways involved in controlling lens epithelial proliferation in vertebrates is Fgf signaling. Reducing Fgf signaling reduces proliferation, while increasing Fgf signaling causes premature cell cycle exit and promotes differentiation (McAvoy et al. 1999; Lovicu and McAvoy 2005) . In flies, no role for Fgf signaling has yet been defined during lens formation. Instead, it is likely that the same Ras/MAPK signaling events initiated by the Fgf receptor in vertebrates is regulated by the EGF receptor in flies. Consistent with this hypothesis, low levels of EGF signaling are required to promote mitosis at the SMW in Drosophila (Baonza et al. 2002) , while overactivating EGFR signaling prior to the SMW blocks further mitosis and promotes premature differentiation (Baker and Yu 2001) . Therefore, both systems are highly tuned to interpreting different levels of Ras/ MAPK signaling to control proliferation vs differentiation. In flies, one of the known direct targets of Ras/MAPK signaling in lens-forming cells is pros. Prior to EGFR/Sev activation, pros expression is repressed by the ETS-related transcriptional repressor, Yan (Xu et al. 2000) . Upon Ras/ MAPK activation by EGFR/Sev, pros is then up-regulated by the ETS-related transcriptional activator, PntP2 (Xu et al. 2000) . pros then feeds back to further stimulate Ras/ MAPK signaling (Charlton-Perkins et al. 2011) . Interestingly, during vertebrate lens formation, Prox1 expression also positively correlates with Fgf/Ras signaling. In Fgfr triple knockout mice, Prox1 RNA is severely down-regulated at the transition zone (Zhao et al. 2008) , and in transgenic mice overexpressing constitutively active Ras using the Pax6 lens enhancer, Prox1 expression is significantly up-regulated (Burgess et al. 2010) . Moreover, two Ras-dependent ETS-related transcription factors are present in the vertebrate lens which may function similarly to Yan and PntP2-Er81 is present in the AEL where Prox1 levels are low, and Erm is present at the transition zone where Prox1 levels increase (Pan et al. 2010) . Thus, it would be interesting to test if Er81, like Yan, restricts Prox1 expression, whereas Erm, like PntP2, could promote Prox1 expression.
Another similarity between flies and vertebrate with respect to Ras/MAPK signaling is the activation of Notch ligands-Delta in flies, and Jag1 in vertebrates (Tsuda et al. 2002; Saravanamuthu et al. 2009 ). In the fly, Ras/MAPK activity leads to a cell autonomous reduction in N ICD function and activation of Delta (Tsuda et al. 2002; Nagaraj and Banerjee 2009) . Analogously, in mice, Notch activity is high in the AEL where Fgf signals are low, and as Fgf signals increase at the transition zone, Notch activity is down-regulated and Jag1 expression is up-regulated. Morevoer, Prox1 levels correlate with Fgf signaling and Jag1 levels, much like pros levels correlate with EGF signaling activity and Delta expression. Thus, it is tempting to speculate that Pros/Prox1 commonly link Ras/MAPK signaling with Notch signaling during lens cell differentiation. Do flies also use similar factors such as Foxe3, Pitx3, and large Maf factors to control lens development? Currently, the answer is that we don't know. Flies (and ecdysozoans in general) do not encode members of the Fox-E subfamily of proteins, and no functional characterization of the closest Fox family member, the Fox-D factor Fd3, has been performed in Drosophila. Likewise, although flies encode one large Maf factor and one Pitx family member, no roles for these genes during eye development have been described. Regarding Fox family members, though, it is noteworthy that Fox-O and Fox-N-related proteins do participate in Drosophila lens formation. Fox-O is a common downstream target of the insulin receptor/Akt and TOR signaling pathways in many species (Hay 2011; Zhang et al. 2011) , and although Fox-O has not been directly tested for its role during fly eye development, InR/ TOR/Akt signaling has been shown to genetically interact with EGF signaling to control the timing of cell differentiation in the fly imaginal disc, including cells expressing pros (Bateman and McNeill 2004) . Thus, in this respect, Fox-O in flies may function similarly to FoxE3 in the vertebrate lens by controlling the timing of lens cell differentiation. This argument is also compelling given that insulin and insulin-like growth factors, as well as Akt signaling, genetically interact with Fgf signaling to promote fiber cell differentiation in the vertebrate lens (Iyengar et al. 2006; Weber and Menko 2006) . Whether these processes are linked to FoxE3 function, however, has not yet been determined. The other Fox factor that has been analyzed in the fly eye is the Fox-N ortholog jumeau (also known as Domina) (Lee and Frasch 2004) . jumeau is expressed near the SMW, and its mutation leads to smaller eyes, fused lenses, and fewer cells (Strodicke et al. 2000) , a phenotype similar to that observed when mitosis at the SMW is blocked (de Nooij and Hariharan 1995). Thus, it is possible that the two Drosophila Fox factors together contribute to many of the same processes as FoxE3 in vertebrates: Fox-N to promote cell proliferation and Fox-O to prevent premature differentiation. Alternatively, and not mutually exclusive, is the possibility that Fox-O factors are also important during vertebrate lens development.
Lens cell differentiation: Pax6/dPax2, Sox factors, and Crystallin regulation In vertebrates, progenitor cells exit the cell cycle in the germinal zone, initiate differentiation at the equator, and begin to elongate. As these cells further mature, they lose organelles to achieve transparency. Fly lenses are acellular, and thus, do not require this later event. Despite the differences at the cellular levels, again, some molecular events during the differentiation of lens fiber cells in vertebrates, and CC/PPC differentiation in flies, rely on common mechanisms. One of the best-established relies on the finding that vertebrate Pax6 and Drosophila dPax2 regulate Crystallin expression through the same DNAbinding sites, as previously discussed (Fig. 4 , Kozmik et al. 2003; Blanco et al. 2005) . Indeed, in vitro binding assays show that Pax2 and Pax6 bind very similar sequences, and both dPax2 and Pax6 can induce ectopic eyes in flies, providing further support these two factors can regulate at least some common target genes (Epstein et al. 1994; Kozmik et al. 2003; Cvekl et al. 2004 ). This, together with the fascinating discovery that the PaxB transcription factor in jellyfish shares features with both Pax6 and Pax2 and is expressed in lentoid bodies to regulate crystallin expression (Kozmik et al. 2003) , suggest that once the Pax2 and Pax6 genes evolutionarily diverged from PaxB, the Pax2 gene was co-opted into invertebrate lens development, whereas Pax6 was co-opted in the vertebrate lens. Given this, it is not unreasonable to speculate that dPax2 and Pax6 also play other orthologous roles in early lens differentiation events. In Drosophila, dPax2 is activated early in CC specification by EGF and Notch signaling and is required for their maturation, while later in PPCs, dPax2 is specifically activated by Notch where it is also participates in their maturation (Flores et al. 2000; Nagaraj and Banerjee 2007; Charlton-Perkins et al. 2011) . Similarly, early Pax6 expression in the lens placode is reduced in Fgfr mutants, while its later expression in the AEL is eliminated in Rbpj mutants (Rowan et al. 2008) , suggesting control by Notch signaling. Pax6 is also required for several aspects of fiber cell specification. Thus, from a gene regulation standpoint, one could reason that Pax6 in the lens placode and transition zone and dPax2 in the CCs and PPCs are controlled using similar mechanisms and for mediating similar functions.
Another intriguing correlation stems from recent studies in Drosophila showing the pros and dPax2 cooperate during lens differentiation (Charlton-Perkins et al. 2011 ). These factors show largely complementary expression patterns during early CC specification, mutants in either factor lead to relatively subtle effects on subsets of CCs, and they combinatorially control all aspects of lens formation. This can be likened to the fact that Pax6 and Prox1 expression are somewhat complementary (Pax6 is high in the AEL and absent in differentiating fiber cells, whereas Prox1 is low in the AEL and is up-regulated at the transition zone and in differentiating fiber cells), that both Pax6 and Prox1 independently regulate cell cycle exit at the transition zone, and that these factors appear to play complementary roles during fiber cell differentiation and Crystallin expression (Wigle et al. 1999; Ashery-Padan et al. 2000; Lengler et al. 2001; Duncan et al. 2002; Cui et al. 2004) . Unlike in vertebrate systems, the molecular control of fly Crystallin expression are far less understood. While dPax2 function is necessary for Drosocrystallin expression, it is unclear whether this affect is direct or indirect (Dziedzic et al. 2009 ). In addition, even though pros does not appear to be required for Drosocrystallin expression (MCP and TC, unpublished), it is not yet possible to test whether it is involved in regulating other Crystallin-encoding genes. Indeed, until other markers of the corneal lens and pseudocone are identified, studies aimed at testing whether dPax2, Pros, SoxN or MAF factors contribute to similar regulatory processes as found in vertebrates will have to wait. Nevertheless, addressing these possibilities will certainly lend important insight into the degree of similarities that exist in the development of cells that give rise to invertebrate and vertebrate lenses.
Adhesion molecules
A compelling similarity between vertebrate and invertebrate lens development is the expression pattern of Cadherin molecules in terminally differentiated cells (Fig. 5) . In the Drosophila eye, E-cad is expressed in all cells, but in CCs specifically, N-cad becomes up-regulated, and this expression is maintained through the rest of development (Fig. 5a , MCP, personal observation, Hayashi and Carthew 2004) . The CCs rely predominantly N-cad for proper cell contacts and morphogenesis, but E-cad and N-cad function redundantly in CC-CC adhesion (Hayashi and Carthew 2004) . Similarly, in vertebrate lens development, E-Cad is predominantly expressed in cells prior to fiber cell differentiation (in the AEL and transition zone), but is dramatically down-regulated as cells undergo terminal differentiation, leaving N-cadherin as the primary cadherin in fully differentiated lens fiber cells. E-Cad and N-Cad also function redundantly during vertebrate lens development (Pontoriero et al. 2009 ). In vertebrates, the Wnt and Notch signaling pathways are important for maintaining E-Cad expression in the AEL, while Fgf signaling down-regulates E-Cad at the lens equator (Smith et al. 2005; Jia et al. 2007; Cain et al. 2008; Rowan et al. 2008; Zhao et al. 2008) . Notably, E-cad expression is maintained at high levels in Prox1 mutant fiber cells (Wigle et al. 1999) , suggesting that Prox1 is critical for mediating the Fgf-dependent down-regulation of E-cad. Comparably, in flies, wg and Notch promote functions in cells expressing high levels of E-cad (PPC and IOCs), EGF primarily functions in cells expressing low levels of E-cad and high levels of N-Cad (CCs), and Pros is expressed in low E-Cad/high N-cad-expressing cells. Thus, it may be informative to test the relationships between Pros/Prox1, EGF/ Fgf-dependent signaling and cadherin expression during lens development in both systems. Finally, based on the importance of Neph/Neprin-related molecules for regulating Notch and Bmp/Dpp signaling and morphogenesis in the fly eye, examining the role of these factors in related processes in the vertebrate lens is warranted.
Conclusion
Despite the morphological differences in structure, the correlation of signaling pathways, transcriptional regulation and adhesion molecules involved in vertebrate and invertebrate lens morphogenesis provides robust evidence that their development is highly conserved. The future identification of novel factors with functional roles in either Mol Genet Genomics (2011) 286:189-213 207 system will likely deepen our understanding of the developmental networks that interact to regulate lens development in general.
